The alarming health issues especially the unusually high number of cancer cases in agriculture community of Bathinda district of Punjab (India) is a serious concern. There is limited knowledge about the role of gene-environment interactions in oncogenesis prevalent in this area. The aim of this study was to evaluate the association of oxidative stress with CYP1A2, CYP2B6, CYP2C9, CYP3A4, and PON1 genetic variation in the pesticide-exposed (occupationally) population of Bathinda district of Punjab (India). This study demonstrated significantly elevated relative risk (RR) of lower antioxidant defense mechanism (Glutathione, Catalase, Superoxide Dismutase, Glutathione peroxidases, and Glutathione Reductase) in occupationally pesticide-exposed group (n ¼ 120) as compared with unexposed group (n ¼ 84) from Bathinda district of Punjab (India). Our data shows pesticide exposure to be a major risk factor leading to increased oxidative stress inside the body. Gas chromatographic analysis revealed the residues of organophosphates (chlorpyriphos, dichlorvos, ethoprophos) and herbicides (atrazine, butachlor, alachlor, metolachlor) in the blood samples of the exposed population. In vitro results showed a dose dependent decrease in cell viability following treatment of pesticides detected in blood samples in hPBMCs and A549 cell line. Genetic variation analysis revealed missense mutations in CYP2B6 (2 mutations), CY3A4 (1 mutation), and CYP2C9 (2 mutations). The observed mutations have been predicted to cause structural and conformation change in protein structure which could result in altered stability. In first of its kind of study, our data reveal oxidative stress and pesticide residue accumulation inside the body to be the major reasons for health concerns in Bathinda district.
India is an agriculture-based country, where a majority of the population is dependent on agriculture. Developing agriculture sector, therefore, has always been held as the prime objective to boost the nation's economy as well as to meet the food requirements of the growing population. However, the extensive use of pesticides and fertilizers and lack of proper management results in contamination of food commodities and water bodies (Sankararamakrishnan et al., 2005; Thakur et al., 2008) that may perturb health of the exposed population. Moreover, consumers may be exposed to multiple pesticides at 1 time via use of various pesticide contaminated products. Multiple pesticide exposure may result in changes in toxicokinetic phase (changes with respect to absorption, metabolism, distribution or excretion in the presence of other pesticide) or toxicodynamic phase (changes with respect to interaction with target site) (Meek et al., 2011; Nyman et al., 2012) . Pesticides are known to increase Reactive oxygen species (ROS) levels (Karami-Mohajeri and Abdollahi, 2013 ) that may destabilize lipids, proteins, DNA, and mitochondrial membrane, producing potentially harmful effects on cells that may eventually lead to cytotoxicity V C The Author(s) 2018. Published by Oxford University Press on behalf of the Society of Toxicology. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com (Yaduvanshi et al., 2010) . Oxidative stress is a prime cause of many diseases like Alzheimers, Parkinsons, asthma, cataracts, atherosclerosis, diabetes, aging of skin, and cancer (Aruoma 1998; Furukawa et al., 2004) . Numerous researchers suggest that the high incidence of health problems in Bathinda district of Punjab state (India), such as reproductive abnormalities, neurological, and behavioral disorders (Thakur et al., 2008) , cancer (Mittal et al., 2014; Thakur et al., 2008) , premature hair graying and miscarriages (Halder, 2007) may be due to pesticide contamination in the water, and food commodities (Bedi et al., 2013 (Bedi et al., , 2015 (Bedi et al., , 2016 Cheema et al., 2004; Kaur et al., 2008; Kalra et al., 1994; Mathur et al., 2005; PSCST 2007; Thakur et al., 2008) .
The aim of this study was to evaluate the genetic polymorphisms in pesticide metabolizing genes of pesticide exposed and unexposed groups and to correlate them with biochemical and oxidative stress parameters (catalase, glutathione peroxidase, glutathione, and lipid peroxidation) and the pesticide residues in blood. Further, in vitro analysis of pesticide residue (detected in blood samples) was done to explore the possible mechanism of pesticide toxicity inside the body. To the best of our knowledge, this is the first investigation in rural agricultural sector of Malwa region of Punjab (India), also known as the cancer belt, based on the molecular and clinical epidemiological approach to evaluate the clinical and biochemical manifestations and associate them with genetic polymorphisms in pesticide-exposed workers. Currently, there are no reports on SNPs of genes which play critical role in pesticides metabolism, in Bathinda region. Data obtained from genetic biomonitoring of populations exposed to carcinogenic pesticides serves as a warning for implementation of preventive measures against pesticide exposure.
MATERIALS AND METHODS

Study Population
The location of this study was Bathinda District of Punjab (India). This location is also known as "Cancer belt of Punjab" because of the high incidence of cancer cases reported here. In reality, it is the cotton belt of Punjab because the black soil of this region boosts the cotton production. Briefly, potential participants from all noninstitutionalized inhabitants of the Bathinda district were randomly selected. The study population consisted of 204 individuals , including pesticide exposed (n ¼ 120) and healthy unexposed individuals (n ¼ 84) as controls. The unexposed group included volunteers who have not been occupationally exposed to pesticides, whereas the exposed group included volunteers who have been occupationally exposed to pesticides with >2000 exposure index (EI). EI was calculated according to the formula, EI ¼ h/day Â days/year Â years. We divided the subjects under investigation into 5 groups as unexposed (EI: 0); less EI (EI: 2000-10 000), moderate EI (EI: 10 000-20 000), high EI (EI: 20 000-30 000), extremely high EI (EI: >30 000). The selection criteria were based on a face-to-face questionnaire included standard demographic data as well as medical, life style (smoking, coffee, alcohol, diet, etc.) and occupational questions (working h/day, years of exposure, use of protective measures, etc.). We included only healthy male persons (above 18 years of age) with more than 3 years pesticide exposure with recent pesticide exposure of at least 2 weeks. The persons residing within 1 km range from field were included in the pesticide-exposed group. Healthy person's blood with no history of occupational exposure to pesticides or any kind of genotoxic environmental agent (drug, chemical, etc) was considered eligible for unexposed group. We excluded the persons with past medical history of using drugs known to cause genotoxicity or who exposed to any kind of radiations for 12 months before blood sampling, or persons suffering from any kind of physical injury or, behavioral disorders or mentally disturbed persons, who were incapable of giving informed consent.
The clinical and demographic data of the subjects under investigation has been depicted in (Supplementary Table 1 ). The mean age of the exposed group (n ¼ 120) was 46.1 6 14.3 year, whereas the mean age of the unexposed group (n ¼ 84) was 36.4 6 16.5 years. Mean EI of exposed group was 18 501 6 10 620.2 with mean exposure years 26.6 6 13.0. Out of total subjects, 29.4% were alcoholic (Supplementary Table 1 ). Interestingly, there were only 4 smokers among all subjects, as Punjab state has been declared as "Tobacco-free area" (Goel et al., 2014) . Informed consent was obtained from each individual prior to the beginning of the study. To avoid possible bias, the samples were coded and scored blindly by 1 observer. A 10 ml blood was withdrawn from each subject by standard venipuncture protocol. Individuals with past medical history of drugs known to cause genotoxicity or exposed to any kind of radiations for 12 months before blood sampling, mentally challenged or diagnosed with behavioral disorders as well as individuals suffering from any infectious disease or any kind of physical injury were excluded from the study. Healthy males (above 18 years of age) who had more than 3 years of pesticide exposure have been included in the pesticide-exposed group. Healthy individuals' blood with no history of occupational exposure to pesticides or any kind of genotoxic environmental agent (drug, chemical, etc.) was considered eligible for unexposed group. The blood sample was withdrawn using sterile hypodermic syringes and transferred into sterile heparin vials under the informed consent of the individuals. Institutional Ethics Committee (IEC) approved the study and participants signed written informed consent.
Oxidative Stress and Antioxidant Activity Analysis Antioxidant enzymes' activity in blood samples. The Human Peripheral Blood Mononuclear Cells lysate was prepared with Triton-X by freeze thawing repetition method. The lysates were subjected for antioxidant enzymes' activity evaluation for Superoxide Dismutase (Marklund and Marklund, 1974) , catalase (Aebi, 1984) , and glutathione reductase (Mavis and Stellwagen, 1968) , glutathione (Giustarini et al., 2013) , and glutathione peroxidase (Wendel, 1980) .
Oxidative stress in blood samples. Lipid peroxidation was measured using protocol given by Rael et al., (2004) and Devasagayam et al., (2003) . The protocol is based on the measurement of the malondialdehyde (MDA) ie, reactive aldehydes as end products of lipid peroxidation. Cells were homogenized using 5 ml 2.5% Trichloroacetic acid (TCA) and centrifuged at 13 000 Â g for 2 min and 400 ml 15% TCA was added. 1400 ll Thiobarbituric acid and 14 ll BHT solutions were mixed with 100 ll of sample or standard (including a 100 ll blank solution of K 2 PO 4 ). Final reaction mixture was incubated at 100 C using water bath for 15 min and then centrifuged at 13 000 Â g for 5 min at RT (Room temperature). Absorbance was measured at 532 nm. Thiobarbituric acid reactive substances assay concentrations were determined by comparison to an MDA standard curve following linear regression analysis.
Measurement of organophosphate toxicity biomarkers in blood samples. The acetylcholinesterase (AChE) and Butyrylcholinesterase activity was measured using protocol given by Ellman et al. (1961 Biochemical analysis. The biochemical parameters such as SGOT (serum glutamic oxaloacetic transaminase), serum bilirubin total, serum creatinine and serum triglyceride levels were analyzed in the serum samples using Erba XL 640 automated Clinical Chemistry analyzer. Linearity of measurement was performed using aqueous solutions supplied with the instrument. The blood samples were centrifuged and 200 ml serum was analyzed. The results were expressed as bilirubin total (mg/dl), serum creatinine (mg/dl), serum SGOT (IU/l), and serum triglyceride (mg/dl).
Qualitative analysis of pesticides in blood samples. The Gas Chromatography Mass Spectrometry (GC-MS) technique was used to detect the presence of pesticides in blood samples. The extraction of pesticides was done using protocol given by Agarwal et al. (1976) with some modifications. The clean up of extracted samples was done using standard USEPA method 3620B Florisil clean up by column chromatography. The elute was concentrated to about 1-2 ml using rotary vacuum evaporator. The concentrate was analyzed by GC-MS for organophosphate and herbicide residue detection in samples. A mass selective detector connected with Shimadzu QP 2010 gas chromatograph equipped with an auto sampler (Shimadzu, Japan) was used for pesticide residue analysis in blood sample. The column used was a capillary column (DB-1701, 30 Â 0.25 Â 0.25 mm). The GC-MS operating condition comprised column oven temperature (which increased from 70 C hold time for 2 min to 150 C at 25 rate, 200 C at 3 rate and was further increased to 280 C, which was held for 10 min with 8 rate); carrier gas (helium and purity 99.999%, flow rate 1.2 ml min À1 ); injection port temperature (280 C); injection volume (2 ml); injection mode (split, purge after 1.5 min ionization voltage, and 70 eV); ion source temperature (230 C); GC-MS interface temperature (280 C) and selected ion monitor mode (for each compound, 1 quantifying ion and 2 to 3 qualifying ions were selected). Individual peak was identified using different internal libraries as PESTINCI Lib. and PESTI EI Lib in GCMS. Identifications of the analyte were confirmed by spiking with a known standard. Quality assessment was done using known quantity of pesticides (ppm) in an aliquot of a blood sample to calculate the percent recovery of pesticide. Extraction and clean up method used was exactly as mentioned earlier with 100% recovery of the pesticides in prepared sample aliquot. The pesticide residues were obtained in ng/l of the blood sample.
In Vitro Analysis of Pesticides Detected in Blood Samples
Cell culture. A 5 ml blood sample was mixed with 20 ml lysis buffer (0 C) for RBC lysis and tubes were incubated on ice for 15 min with intermittent mixing. Supernatant was discarded after centrifugation at 4000 Â g for 15 min at 4 C. The leukocyte pellet was mixed again with 10 ml lysis buffer to lyse the RBCs completely to get a white pellet of WBCs. The cells were cultured and maintained in 25 cm 2 flasks containing RPMI-1640 medium supplemented with 10% heat-inactivated fetal Bovine serum (FBS), 1Â penicillin/streptomycin and incubated at 37 C with 5% CO 2 and 95% humidity. Cells were harvested in 15 ml centrifuge tube by centrifugation at 1200 Â g for 10 min. The supernatant was discarded and cell pellet was resuspended in 2 ml of RPMI-1640 medium. Cells were counted using a hemocytometer and diluted to desired dilution for the experiments. A549 cells were cultured and maintained in 25 cm 2 flasks containing DMEM supplemented with 10% heat-inactivated FBS, 1Â penicillin/streptomycin and incubated at 37 C with 5% CO 2 and 95% humidity. Sub culturing was done in 25 cm 2 culturing flasks after the cells reached 70% confluency. Cells were harvested in tube by centrifugation at 1200 Â g for 5 min and sub cultured in DMEM media. The cell number was counted using haemocytometer. The cells were cultured by replacing the culture medium every 3 days. Cells were counted in the haemocytometer and the suspension was diluted to obtain the desired dilution for the experiments.
Cytotoxicity assay. The pesticide induced cytotoxicity was analyzed with MTT (3-[4, 5-dimethythiazol-2-yl]-2, 5-diphenyl tetrazolium bromide) assay (Mosmann, 1983) . The method is based on the measurement of the reduction of yellow MTT to insoluble, coloured (dark purple) formazan product by mitochondrial succinate dehydrogenase that is measured spectrophotometrically. Cells (100 ml of 1 Â 10 5 cells/ml) were seeded in 96-well plates and incubated for 24 h. The cells were then treated with different concentrations of pesticides ie, 1, 10, 50, and 100 mg/ml for 24 h. After treatment, the culture medium was removed from the wells. Subsequently, the cells were washed with phosphate buffer solution and then 50 ml of 5 mg/ml MTT was added in each well. The plates were incubated for approximately 4 h at 37 C till the appearance of intracellular precipitate. The MTT solution from each well was removed and the precipitates were solubilized in 100 ml DMSO solution. The absorbance of the samples was measured at 570 nm after 20 min.
Oxidative stress analysis. The pesticide induced intracellular reactive oxygen species were analyzed with dihydroethidium (DHE) staining. The generation of intracellular superoxide production was detected using the fluorescent probe CellROX Deep Red (Invitrogen). DHE stain was used to evaluate the intracellular ROS levels in A549 cells, seeded in 96-well plates at 1.0-1.2 Â 10 4 cells per well. H 2 O 2 treatment was used as positive control. Cultured cells were treated with atrazine, butachlor, chlorpyriphos and dichlorvos for 16 h. DHE solution was then added and incubated for 30 min in dark. Fluorescence (Ex518 nm/Em605 nm) was measured using a microplate reader (Synergy HT: Biotek). For measuring superoxides, the cells were treated with atrazine, butachlor, chlorpyriphos and dichlorvos for 16 h and exposed to CellROX Deep Red (5 lM) for 30 min at 37 C under 5% CO2 in dark. The fluorescence was then measured at an excitation wavelength of 633 nm and emission of 665 nm.
Apoptosis assay. Cells were treated with 10 lg/ml atrazine, butachlor, chlorpyriphos, or dichlorvos for 24 h for apoptosis analysis. The cells were then stained as per manufacturer's instructions using Muse Annexin V and Dead Cell assay kit (company) which is based on the detection of phosphatidylserine on the surface of apoptotic cells. All the measurements were performed using a Muse Cell Analyzer.
Cell cycle assay. The cell cycle was analyzed using a Muse Cell Analyzer (Muse Cell Analyzer; Millipore, Billerica, Massachsetts). Cells were treated with atrazine, butachlor, chlorpyriphos or dichlorvos for 24 h for cell cycle analysis, and uniformly fixed in 70% ethanol for staining. About 200 ll of ethanol-fixed cells were processed according to Muse cell cycle analysis kit (company). The cell suspension was then transferred to a microcentrifuge tube prior to analysis on the Muse Cell Analyzer.
Genetic Polymorphism Analysis
Blood samples were centrifuged at 2500 Â g for 5 min to separate the plasma. DNA of blood sample was extracted using PureLink Genomic DNA isolation kit (Invitrogen). The quality of the DNA samples was checked by agarose gel (0.8%) electrophoresis and the DNA was stored at À20 C for further use. The human genomic DNA reference sequences of genes were taken from Ensembl genome browser 88 (http://www.ensembl.org/ index.html) and primers were designed using online software Primer3 v. 0.4.0 (http://primer3.ut.ee). Specificity of each potential primer was checked through BLASTN of NCBI server. The primers used to amplify the region of interest of the selected genes (CYP1A2, CYP2B6, CYP2C9, CYP3A4, and PON1 genes) are listed in Table 1 . Thermo Scientific PCR Master Mix kit was used to amplify the genes of interest. The PCR conditions were standardized for each gene using gradient PCR technique. PCR amplification was confirmed using agarose gel electrophoresis. The single strand conformational polymorphism (SSCP) technique was used to analyze genetic polymorphisms in genes of interest. About 5 ll of PCR product was mixed with 15 ll of SSCP loading dye, denatured for 10 min at 94 C and kept in the ice water bath for 5 min prior to loading on a nondenaturing polyacrylamide gel. SSCP-band resolution was obtained in 10% acrylamide gel containing Acrylamide: Bisacrylamide in the ration of 37.5:1. The electrophoresis was done immediately after loading of the samples in the gel and continued for 7-8 h at constant voltage of 150 V. The gel was stained by silver staining. Visualization of the stained gel was done on a white light trans-illuminator. DNA samples with suspected genetic variation were processed for DNA sequencing. DNA sequencing of suspected variants of CYP1A2, CYP2B6, CYP3A4, CYP2C9, CYP2E1, and PON1 genes in samples (forward and reverse reaction) was done using services provided by Sanger Seq Bioserve Pvt. Ltd.
RESULTS
Human Blood Samples of the Exposed Subjects Were Found to Be Positive for Pesticide Residues
The pesticides residue analysis was done to evalute the health risk assesment of the subjects. Total 150 blood samples of volunteers (50 farmers and 100 farmers) out of 204 were selected for organophosphate pesticides (Azinphos-methyl, Chlorpyrifos, Dichlorvos, Disulfoton, Ethoprophos, Fenchlorphos, Parathionmethyl, and Prothiofosand) and herbicides (Atrazine, Alachlor, Butachlor, Metolachlor, and Simazine). The clinical and demographic data of the subjects under investigation has been depicted in (Supplementary Table 1 ). The health problems were observed to be more prevalent in occupationally pesticideexposed population (Supplementary Table 2 ). Detailed list of pesticides detected in the samples of population under investigation has been listed in (Supplementary Tables 3 and 4) . No pesticide residues were detected in the unexposed group. Also, maximum residues were detected in pesticides sprayers working in fields, which may be attributed to their direct pesticide exposure during spaying in the field. Butachlor and Dichlorvos residues were predominantly present in blood samples of subjects under investigation. The herbicides named as atrazine, alachlor, butachlor, metalachlor, and organophosphates named as chlorpyriphos, Dichlorvos and ethoprophos were also detected in blood sample of farmers. Besides, Parathion-methyl metabolic product Phosphoric acid and diethyl 4-nitrophenyl ester were also detected in a few samples. The average total pesticides residue load was 572.30 ng/l including 305.40 ng/l herbicides and 266.90 ng/l organophosphates in blood samples ( Figure 1A ). Imbalanced antioxidant-oxidant profile of population. The effect of pesticide exposure on free radical metabolism in exposed and unexposed population was calculated in the blood samples of volunteers using assays for SOD, Glutathione, Catalase, Lipid peroxidation, GPx, and GRx enzymes (Table 3) , and analyzed further in terms of relative risk (RR: ratio of the probability of an event [here, decreased antioxidant profile] in an exposed group to the probability of the event occurring in an unexposed group) of impaired oxidative stress balance. The RR value denoted as 1 (one) signifies no difference in risk between the 2 groups; RR > 1 represent exposure is more likely to affect the quantitative variables (SOD, Glutathione, Catalase, Lipid peroxidation, GPx, and GRx) in exposed group as compared with unexposed group. The RR to lower the SOD, glutathione, catalase, GPx, and GRx activity was observed to be significantly higher in exposed group with respect to the unexposed group (Table 2) . The RR to increase the oxidative stress marker (lipid peroxidation) was observed to be more (RR ¼ 5.0) in exposed group as compared with unexposed group. This RR trend increased with increase of EI from less (RR ¼ 2.0) to moderate (RR ¼ 2.8) to high (RR ¼ 2.9) to extremely high exposed (RR ¼ 4.7) with respect to unexposed group ( Figure 1D) . Similarly, the GPx and GRx activity was found to be increased in exposed group with RR of 1.9 and 2.0, respectively with respect to unexposed group. The RR to lower the GPx activity increased with EI from less exposed (RR ¼ 0.8) to moderate exposed (RR ¼ 1.5) to high exposed (RR ¼ 2.2) to extremely high exposed (RR ¼ 4.2) with respect to unexposed group ( Figure 1D ). The RR to lower the GRx activity also increased with EI from less (RR ¼ 1.6), moderate (RR ¼ 1.6) to high (RR ¼ 2.1) to extremely high exposed (RR ¼ 3.9) group with respect to unexposed group 
(b) ( c) Figure 1 . A, Pesticides detected in human blood samples from Bathinda district. B and C, Scatterplot of pesticide exposed and unexposed (occupationally) groups with age (A). AchE (R value: 0.1) and BchE levels (R value: 0.05). D, RR of impaired antioxidant defense system with pesticide EI. E, Antioxidant profile comparison between unexposed, exposed (pesticide residue absent) and exposed (pesticide residue present). MDA (nmol/gHb) 4.2 6 1.6 5.1 6 2.0 5.1 6 1.6 6.2 6 2.1* 7.1 6 1.7* Glutathione (mg/mgHb) 7.4 6 2.0 5.9 6 1.8 5.5 6 1.6 4.6 6 1.5* 4.4 6 1.1* Catalase (k/gHb) 243.6 6 61.4 234.7 6 69.5 197.6 6 51.8* 184.7 6 58.4* 139.6 6 25.7* SOD (U/mL) 109.7 6 21.6 103.8 6 24.9 101.4 6 22.9 82.0 6 19.6* 73.8 6 8.4* GPx (U/gHb) 50.7 6 10.4 41.6 6 8.6 46.2 6 10.8 37.6 6 9.1* 35.2 6 9.6* GRx (mU/gHb) 9.3 6 1.1 8.4 6 1.5 8.3 6 1.3 7.7 6 1.7* 6.6 6 1.4* Each value represents the mean 6 SE and had been analyzed by student t test with respect to control. Statistically significant results indicated as *p < .05.
( Figure 1D ). Similarly, the RR to lower the SOD activity was observed to be more in exposed group (RR ¼ 2.1) that correlated directly with the EI ie, increased with EI [less exposed (RR ¼ 1.2), moderately exposed (RR ¼ 1.2), highly exposed (RR ¼ 3.0), extremely high exposed (RR ¼ 4.6) with respect to unexposed group] ( Figure 1D ). The RR to lower the glutathione is significantly higher in exposed group (RR ¼ 3.6) as compared with unexposed group and the RR increased with higher pesticide exposure [less exposed (RR¼ 2.9), moderate exposed (RR ¼ 2.8), high exposed (RR ¼ 4.5), extremely high exposed (RR ¼ 4.11) with respect to unexposed group] ( Figure 1D ). The RR to lower the catalase activity was more in exposed group (RR ¼ 2.1) as compared with unexposed group. This RR was observed to be increase with EI from low (RR ¼ 1.3) to moderate (RR ¼ 2.0) to high (RR ¼ 2.4) to extremely high EI (RR ¼ 3.6; Figure 1D ). So, the overall risk of impaired antioxidant system increased with increase of pesticide exposure (Supplementary Figure 1) . Further, lipid peroxidation was found to be increased in pesticideexposed group as compared with the unexposed group in an age-dependent manner. SOD, glutathione, catalase, GPx and GRx activities were found to have a negative association with increase in the age of subjects (Figure 2 ). The results indicated that the antioxidant profile lower with increase in age of population as well. Further, the scatter plot interpretation also revealed that the exposed population has more disturbed antioxidant profile at each age group as compared with unexposed population (Figure 2 ). The results demonstrate a significant imbalance in the antioxidant profile in exposed group having detectable pesticide residues in their blood sample as compared with unexposed and exposed group without detectable pesticide residue contamination. The lipid peroxidation increase in exposed group with pesticide residues indicates more oxidative stress ( Figure 1E ). Therefore, pesticides can be considered as a predominant factor causing increased oxidative stress levels inside the body and the farmer community exposed to pesticides may be more vulnerable to diseases associated with oxidative stress.
Influence of Alcohol Consumption on Oxidative Stress Parameters Between Exposed and Unexposed Group
Alcoholic consumption has been reported to be associated with an increased risk of numerous disorders as alcohol generates oxidative stress inside the body and mediates cellular toxicity (Wu and Cederbaum, 2003) . Study comprises around 40% alcohol consumers in exposed subjects and 15% in unexposed subjects. So, the work has been analyzed further to explore the impact of alcoholic habit on the antioxidant defense mechanism. The RR of increased lipid peroxidation level was observed to be more in alcoholic group (RR ¼ 2.7) as compared with nonalcoholic group ( Figure 3A) . The alcoholic group showed more RR of lower catalase (RR ¼ 1.4), GPx (RR ¼ 2.4), GRx (RR ¼ 1.5), and SOD activity (RR ¼ 3.1) as compared with nonalcoholic group ( Figure 3A) . The analyses suggest that the alcoholic individuals are at more risk of imbalanced antioxidant defense system. There is need to elaborate the interpretation further to know the impact of pesticides exposure on antioxidant defense system. The results showed significantly lower activity of catalase, glutathione, SOD, GPx, GRx in nonalcoholic exposed group as compared with the nonalcoholic exposed group. Also, there was significantly (p < .001) more lipid peroxidation in nonalcoholic exposed group as compared with the nonalcoholic exposed group ( Figure 3B ). So, it may be concluded that the pesticide exposure independently disturbed the antioxidant profile of population apart from the impact of alcoholic habit on the health.
In Vitro Toxicity Evaluation of the Pesticides Detected in Human Blood
The pesticide residues detected in blood samples were further investigated for their in vitro cytotoxicity analysis.
Out of the 8 pesticides, 4 (Atrazine [A], Butachlor [B], Chlorpyriphos [C], Dichlorvos
[D]) were detected in maximum blood samples and were selected for in vitro studies. Exposure to these pesticides resulted in reduced cell viability of hPBMCs and A549 cells. Atrazine, butachlor, chlorpyriphos and dichlorvos showed maximum cell inhibition at 100 mg/ml in both the cells. The cell viability decreased significantly (p < 0.05) with increasing doses of atrazine, butachlor, chlorpyriphos, and dichlorvos (Figs. 4A and 4B). The dose combination of butachlor and dichlorvos (B50D50) resulted in 60.98% and 69.69% inhibition of cell viability in hPBMCs and A549 cells, respectively, as compared with their individual cellular toxicity response. In addition, there was a significant (P < .05) decrease of 39.39% and 26.96% cell viability with atrazine and dichlorvos (A50D50) higher dose combination in A549 cells and hPBMCs, respectively. Here, the decrease of cell viability in hPBMC cells were approximately similar to their individual response. (Figs. 4C and 4D ). Since the doses tested here were physiologically not relevant, we went ahead and tested very low concentration but prolonged exposure of combination of butachlor and dichlorvos. An 1 and 5 nM of each drug was taken and A549 cells were exposed to the drugs for 2 weeks which showed that even at very low concentrations the combination of both the drugs is able to cause severe damage to the exposed cells (Supplementary Figure 2a) .
The intracellular ROS production was measured using fluorescent probe CellROX Deep Red. The cells were treated with H 2 O 2 or 10 lg/ml concentration of Atrazine, Butachlor, Chlorpyriphos or Dichlorvos. Next day, the treated cells were exposed to CellROX Deep Red reagent in dark to evaluate intracellular ROS in the treated cells. Atrazine, butachlor, chlorpyriphos and dichlorvos resulted in enhanced signal intensities as compared with control. H 2 O 2 treatment was used as a positive control ( Figure 4A) . Similarly, the free radical production was found to be elevated in response to atrazine, butachlor, chlorpyriphos and dichlorvos treatment, comparable to H 2 O 2 exposure (positive control) ( Figure 4E) . Therefore, the results indicate increased oxidative stress by pesticides' exposure made evident by elevated levels of intracellular free radicals. These results were confirmed using DHE ( Figure 4F ).
Pesticides-induced cell cycle arrest at G0/G1 phase. The cell cycle mechanism, a universal process, aids the growth and development of the living organisms by replicating the chromosomal DNA during the S phase and then separating the replicated chromosomes in mitotic phase. The cyclin-dependent protein kinases act as checkpoints of cell cycle and are activated by DNA damage or replication errors resulting in cell cycle arrest in G1, S, or G2 phase (Agami and Bernards 2000; Kastan and Bartek, 2004; Nigg, 1995) . This mechanism protects cells from various genotoxic stresses. To evaluate the cell cycle analysis, A549 cells were either left untreated or treated with different concentrations of pesticides and examined using Muse Cell Cycle analysis kit with Muse Analyzer (Merck-Millipore). Cell cycle analysis showed that all the pesticides under investigation resulted in cell cycle arrest at G0/G1-phase in a dose-dependent manner ( Figure 5A ). The percentage of G0/G1 phase increased from 27.1% (1 lg/ml) to 48.5% (10 lg/ml) after atrazine treatment for 24 h (Supplementary Figure 2b) . Moreover, the butachlor, chlorpyriphos as well as Dichlorvos treatment showed G0/G1 arrest ( Figure 5A ). The results indicated that the cell's mitotic progression arrested the cells in G0/G1 phase in a concentrationdependent manners and thereby decreasing DNA synthesis.
Pesticides induce apoptosis in A549 cells. Previous literature suggests that pesticides are not only genotoxic agents, but also hamper various biochemical pathways inside the body at low concentrations. Therefore, we extended our study to investigate if pesticides could induce apoptosis in A549 cells. The apoptosis profile was measured using the Muse Annexin V and Dead Cell assay in a dose-dependent manner after 24 h exposure ( Figure 5B ). The number of total apoptotic cells was found to increase with increasing concentration compared with untreated cells (Supplementary Figure 3) . Using Annexin V flow cytometry analyses, it was observed that there is a significant decrease in viable cells and increase in early apoptotic population after 24 h treatment of pesticides under investigation ( Figure 5B) . Thus, our results suggest that pesticide exposure may elevate intracellular ROS and induce G0/G1 cell cycle arrest leading to programed cell death. The results of our study indicate that accumulation of even smaller doses of pesticides inside the cells may wreak havoc by inducing several abnormalities at cellular as well as physiological level. However, the response to the pesticides exposure varies between different individuals. The possible explanation for this lies in the fact that due to variable genotypes, individuals may have different metabolic rates. To properly understand the phenomenon, we performed genotypic analysis of various genes relevant for pesticide metabolism in human cells (cytochrome P450 gene family and PON1 gene).
Genotypic Analysis Reveals Mutations in the Pesticide Metabolizing Genes Under Investigation
Once the toxicity profiling of the detected pesticides was documented, we next asked why the adverse effects are not manifested homogenously in the population under study. To answer this query we examined the genetic polymorphisms in the metabolic enzymes. We selected CYP1A2, CYP2B6, CYP2C9, CYP3A4, and PON1 genes which are actively involved in metabolizing the pesticides used in the study. 204 total human DNA samples including exposed (n ¼ 120) and unexposed (n ¼ 84) were used to study the genetic variation. Genetic variant analysis was done using SSCP analysis for CYP1A2, CYP2B6, CYP2C9, and CYP3A4. The PCR-SSCP technique was used to detect SNPs in genes under investigation. SSCP is based on the electrophoretic mobility of strands which changes upon mutation as 2 denatured strands of DNA (in this case PCRamplified gene product) adopt stable intramolecular conformations. The silver staining of resultant SSCP gel of CYP2B6, CYP2C9, and CYP3A4 has been provided in Supplementary  Figure 4 . CYP1A2, CYP2E1, and PON1 genes did not show any band displacement with respect to the mobility of other fragments in any sample. The chromatograph showing respective mutations in CYP1A2, CYP2B6, CYP2C9, CYP3A4, and PON1 genes has been given in Supplementary Figure 5 . The SSCP patterns of CYP2B6, CYP3A4, and CYP2C9 genes revealed the suspected allelic variant in samples. To confirm the variation in suspected sample, the PCR product with a confirmed band shift (SSCP analysis) was subjected for direct DNA sequencing in both the directions of the primers (forward and reverse) with an automated DNA sequencer from Sanger Seq Bioserve Pvt. Ltd. The results showed 2 mutations ie, g.40991390G >T, g.40991388T>C on chromosome 19q in coding region (exon 1) of CYP2B6 gene (Table 4) . Out of 2 genetic variants, 1 SNP (g.40991390G>T) has already been reported with NCBI SNP ID rs33926104, whereas the remaining variant ie, g.40991388T>C is novel as depicted in the chromatograph. The DNA sequence alignment showed 2 allelic variants in the CYP3A4 gene (sample CUPB72) ie, g.99757990A>T and g.99758180C>T. The consequences of detected variants of CYP3A4 have has been discussed in next subsection. Two missense mutations were identified on chromosome 10 in coding region (exon 9) of CYP2C9 gene ie, g.94988966T>A and g.94988913A>T. These variations (Table 4) result in P471P and L453F amino acid changes, respectively in CYP2C9 protein. The consequences of the detected variants have been analyzed on CYP2B6 protein structure and flexibility as discussed in the next section. Most of the known as well as novel mutations reported here were detected in single samples only indicating that perhaps the mutations are caused by prolonged pesticide exposure induced DNA damage, though the cause effect relationship is still unknown while literature available in the field is controversial.
In Silico Studies Revealed Destabilization of Protein Quaternary Structure Upon Mutation
The rs33926104 mutation has been predicted to change the sequence code from CGC to AGC that corresponds to change of arginine to serine (R29S) amino acid in the protein sequence of CYP2B6. Similarly, the g.40991388T>C variant is expected to change the transcript code from GAC to GGC which changes the amino acid from aspartic acid to glycine (D28G) at location 28 of protein sequence. There was 1 missense variant detected at CYP3A4 gene ensemble transcript ENST00000336411.6 in exon 8 with translated protein length 503 aa ie, rs138550343, at chromosome 7 (Table 4 ). The rs138550343 mutation was predicted to change the sequence code from GTT to ATT which corresponds to change of valine to isoleucine amino acid (V489I) at 489 position in the amino acid sequence of CYP3A4 protein structure. The Pymol structure alignment of wild protein and mutated protein structure (PDB file generated with mutated sequence using Phyre software) has been done as depicted in Supplementary Figure 6 with executive RMS 0.000 (462-462 atoms). The comparison of conformational changes of mutated protein structure with respect to wild protein structure has been given in ) and increase in atoms count (3910-3913 atoms) of protein with respect to wild type (molecular weight: 51622.7166 u) protein structure. Hence, the mutations changed the stability caused by alterations in energetic, physicochemical, and conformational properties of amino acid residues of the respective proteins.
The amino acid residue conformation (around a binding pocket) is important to determine the properties of the binding pocket, as it is crucial for their interaction specificity. The CASTp (Computed Atlas of Surface Topography of proteins) server was used to predict the area and volume of protein pocket that supports the binding sites to various ligands and substrates. The V489I and L453F mutations decreased the area and volume of protein pocket of both the proteins upon mutation (Table 6 ). The mutated proteins would therefore have altered conformations resulting in changes in bind with other ligands, proteins or various biomolecules.
Other than this, the Ramachandran plot analysis revealed that the D28G mutated protein resulted in change of residues in favored region (457-429), allowed region (6-22), and outlier region (0-12) with respect to wild type protein structure. Similarly, the analysis of Ramachandran plot of R29S mutated protein revealed changes in residues in favored region (457-427), allowed region (6-22), and outlier region (0-12) in the R29S mutated protein with respect to wild type protein structure (Supplementary Figure 7) . The Ramachandran plot analysis revealed that the V489I CYP3A4 mutated protein showed similar Ramachandran plot as wild type CYP3A4 protein (Supplementary Figure 9) . Therefore, it may be concluded that the V489I CYP3A4 mutation has no effect on the protein stability and conformation with respect to wild type CYP3A4 protein structure. The L453F mutated protein resulted in change of residues in favored region (457-456), allowed region (22-23), and outlier region (8-10) with respect to wild CYP2C9 protein structure (Supplementary Figure 11) . The resultant mutations (L453F, D28G, and R29S) may affect the protein conformation, thereby altering the energy needed for protein stability. The results were confirmed using DynaMine prediction which indicated alignment of the protein towards more flexibility by R29S and D28G mutations while V489I mutation did not show any significant effect on the protein structure (Supplementary Figs. 8, 10, and 12) .
DISCUSSION AND CONCLUSION
The preliminary cause of oxidative stress is the production of reactive oxygen species that reduces the capacity of antioxidant defense that may lead to the destruction of nucleic acids, lipids, and proteins (Hammadeh et al., 2009) . This study showed the significantly imbalanced oxidant and antioxidant mechanism in farmer community with continuous exposure to various pesticides. There are several mechanisms in our biological systems to counteract the damage associated with free radical production. Various antioxidant enzymes have been reported to delay or inhibit oxidative damage to the cells by neutralizing free radicals by donating electrons (Leitinger, 2008) . The antioxidative enzyme activities were significantly (p < 0.001) decreased in the pesticide-exposed group as compared with the unexposed group with the corresponding increase of pesticide EI from less, average, high to extremely high.
The health problems were observed to be more prevalent in the pesticide-exposed group as discussed earlier. Results of this study suggested the different pattern of pesticide contamination in the blood samples collected from Bathinda district. Out of total pesticides detected in samples, the organophosphate and herbicides residues were 266.90 and 305.40 ng/ml
À1
. The organophosphate detected in the blood samples were chlorpyriphos, dichlorvos, and ethoprophos, whereas the herbicides detected were atrazine, alachlor, metolachlor, and butachlor. Previous literature suggested that the pesticide contaminations are predominant in this area (Mittal et al., 2014; Cheema et al., 2004; Gill et al., 2009; Kalra et al., 1999) . These pesticides were not detected in the unexposed group. The pesticide residues detected in the occupationally exposed group suggest their unawareness or negligence to acquire any preventive measures for health safety while spraying pesticides in the fields. The pesticide accumulation inside the body could be the causative factor for imbalanced antioxidant defense mechanism, thereby resulting in enhanced free radical production and associated diseases. Also, in vitro analysis revealed that cell viability decreased significantly with the increase in the dose of atrazine, butachlor, chlorpyriphos, and dichlorvos treatment (single and combination dose) in A549 and hPBMC cells. Chlorpyrifos (Li et al., 2009; Nakadai et al., 2006) , dichlorvos (Oral et al., 2006) , atrazine (Zhang et al., 2011) , and butachlor (Chen et al., 2015; Dwivedi et al., 2012) have been reported to reduce cell viability in various cells such as human T, lymphocytes, CHO, and human monocyte cells. Past research also evidenced the presence of residues of atrazine (Namulanda et al., 2017 , Wagner et al., 1990 , butachlor (Ademola et al., 1993) , chlorpyriphos (Kopjar et al., 2018) , and dichlorvos (Yu et al., 2017 in various human samples such as human milk, cervical mucus, follicular and sperm fluid, etc.
Further, the results indicated increased reactive oxygen species following treatment with these pesticides. The free radical production was also observed to increase in a dose-dependent manner. Atrazine, chlorpyriphos, butachlor and dichlorvos treatments have been reported to increase free radical load inside the cell (Dwivedi et al., 2012; Jin et al., 2010) . Cell cycle analysis revealed cell cycle arrest at G0/G1 phase following treatments in a dose-dependent manner, possibly decreasing the DNA synthesis in cells. Cell cycle arrest at G0/G1 phase following chlorpyriphos (Guizzetti et al., 2005) , dichlorvos (Wani et al., 2017) , or butachlor treatment (Dwivedi et al., 2012) and at late G1 or S-phase (Weber et al., 2013) or G2/M phase after atrazine treatment has been previously reported (Chen et al., 2015) . Our results suggest cell cycle interruption at G0/G1 phase following treatment with pesticides under investigation. Genetic variation analysis showed 2 mutations ie, g.40991390G>T (SNP ID: rs33926104), g.40991388T>C (unknown) on chromosome 19 in the coding region (exon 1) of CYP2B6 gene. The rs33926104 mutation was observed to be a missense mutation without any clinical significance reported yet as per dbSNP server of NCBI (https://www.ncbi.nlm.nih.gov/projects/ SNP/snp_ref.cgi? rs¼rs33926104). Since the mutations are in the coding region of genes, therefore the g.40991390G>T and g.40991388T>C mutations results in R29S and D28G amino acid change respectively in CYP2B6 protein. Further, The DNA sequence alignment of CYP3A4 gene product showed 1 variant ie, rs138550343 (g.99758180C>T). The rs138550343 is a missense mutation (change of valine to isoleucine amino acid [V489I]at 489) of CYP3A4 gene without any clinical significance as per dbSNP server of NCBI (https://www.ncbi.nlm.nih.gov/projects/ SNP/snp_ref.cgi? rs¼138550343). Results indicated that the detected mutation affects the protein stability and conformation. The mutations may change the surface charges and affect the associated kinetics and pathways (Held et al., 2011) . It has been demonstrated that the charges on the protein surface determine its interaction with various DNA, membrane, ligand or the other proteins (Pasche et al., 2005) . So, the detected variation showed that the missense variation has impact on protein conformation and stability in silico, thereby the detected genotypic variation may or may not have an impact on the pesticide metabolism or oxidative stress inside the body.
CONCLUSION AND FUTURE DIRECTIONS
Overall the study showed that genotypic variation may or may not influence the physiological response towards the pesticide toxicity which ultimately may influence disease manifestation. Thus, apart from studying the pesticide induced environmental pollution and its impact on human health, it is very important to understand the genotypic variation of metabolic enzymes.
The study outcome indicates a need to set up consortium of environmental scientists and geneticists to efficiently predict the potential disease load due to environmental factors in defined regions.
SUPPLEMENTARY DATA
Supplementary data are available at Toxicological Sciences online. 
